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ABSTRACT
This repart is contained in two separate parts.
Part I, Terminal Ballistic Effects, presents & summary of the
. lavs, parsmeters and equations sssociated with conventional kill
. mechanisms.

. Part II, Warbead Terminul Ballistic Performance, presents
specific MARK varhead descriptions and ba: ‘c dats on wvarhead termi-
nal ballistic performance for approximately forty-seven Guided
Missile Warheeds, Bombs, Rocket Warheads, and Projectiles.
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The Buresu of Xaval Weapons assigned to the Naval Weapons . ‘
Laboratory, by BUWEPS WEPTASK RMMO-42.-003/210=1/FOC8=08-006, a '
task with the objectives of (1) establiszhing anl maintaining a
handbock of terminal ballistic performance dats for all current
nonnuclear crdnance, (2) developing and defining generalized
lethality criteris suitable for the specification oar determination
of warhead terminal ballistic performance, and (3) improving fro=
Jectiles and rocket warheads, utilizing current developments in
warhead technology. '

Thie 1s the first formal report on the acasigned task and 1s
limited to objective (1) discussed above. Tiz report is cnihaiaed
in two separate parts. Part I, Terminal Ballistic Effects, pree
gents a summary of the laws, parameters and equations =~.uciated
with conventional kill mechaniems. Part II, Warhead Termipal Bale
ligtic Performance, presents a description of specific MARK warw
beads and includes all available data collected and analyzed by the
time of publication. Additional data and discussions not included
in this preliminary publication are scheduled for inclusion by
future revision or publication. The ultimate aim of this publice~

. tion is to provide data on varhead terminal ballistic performance
in a form and quantity which will be immediately useful in pre=-
paring directives or guides for conventional weapons selection

’ and in conducting weapon effectiveness studies.

This report has been reviewed by th. following perscanel of
the Warhead and Terminal Ballistics Laboratory: i

C. A, COOPER, Acting Chief, Project Engineering Eranch
W, W, MEYERS, Head, Develomment Division

W, 3. SCIER, Assis*ent for Theory and Analysis i
V. B. McKENZIT, Assiztant Director for Technical Applications !
R. 1. ROSSBACHFR, Director
i
I -

APPTOVED FOR RELFASE. S

/8/ RAIH A. NIRJAKE
Actlr

. : Trcanicel Director
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INTRODUCTION - PART I

This part of the Preliminary Handbook of Warbead Terminal Bale
listic Performance contains summary discussione of conventicnal
kill mechanisms. These summaries include discussions of the basic
laws and parameters associated with the kill mechanizms.

The discuseions included in this ediilsn of the handbook are
presented in four sections:

Section 1 - Fragmentation
Sectiun 2 - Blast

Section 3 = Penetration
Section 4 = Shaped Charges

Section 1, Fragmentation, provid=s discussions of the theories
concerned with the natural fragmentation of conventional warheads
and presents experimental data for determining the values of the
constants utilized in the theoretical discussicns.

Section 2, Blast, is scheduled to include discussions concerne
ing Blast-External, BlasteInternal, Earth Shock, Cratering, and
Blast Measurements. However; this preliminary edition only pre-
sents a review of the theories and experi~2ntal data concerned with
the effects that such parsmeters as charge camposition, charge geo-
metry, casing material, atmospheric pressure and temperature and
mach wvave reflections have on extermal blast.

Ssction 3, Penetration, pre;cats discussions of some of the
varic'3 empirical fo:smilae dealing with the penetrstion of armor
by projectiles. A brief discussion of the perforation of m{ild
steel by fragments is also presented.

Discussions of the per:tration of concrete and scil by pro=
Jectileg are scheduled to be included in the next edi*?!: n of tha

handboak .

Section 4, Shaped Charges, is presented to ramiiarize the
reader with the principlec of the zhaped charge. Theories, thec-
reticel formulae and empirical formile- pertiining to cons collapse,
Jet “crmation, and jet peneiration it lncluded as well as brief
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discusaions of factors affecting perztration. These factors are
included under such topics as liner shape, atandoff distance, explo-
sive preparation, and warhead casing design. Scheduled for the next
edition are discussicns on such topics as effects of rotation upon
Jets, vaporific effects, damage mechanisma, fuze action, perfcration
damage, spin compensation, ard dereat of shaped charge weatons.
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1.1 INTROLUCTION

The natural fragmentation characteristics of conventional
warheads are usually placed in three general c.aszes, fragment
velocity, directional distribution, and mass distributica. Frage
ment velocity varies with distance of travel and each of the
characteristics are atfected by such parameters as explosive come
position, type and thickness of casing material, and the warhead
geametry in general.

The purpose of this section ig. to provide a brief diccuseion
of the treori<s concerned with the above charscueristics, and to
present experimental data for determining the valuss of tha con-
stants utilized in the theoretical discussion.

Methods are available for designing warheads that will pro-
duce fragments of a predetermined size (controlled fragmentation);
however, since the use of coxtrolled fragmenting warheads is
generally limited to attack of specific targets which are pri-
marily vulperable to fragments of an optimm size these methods
are not widely employed among the warheads doccumented in Part IT.
For this revson only a brief discussion of same of the more
important methods of controlling fragment size is presented.

1.1.1 TRAGMENTATION PROCESS - GENERAL. Conventional frage
mentation warheads consist of a high explosive (EE) charge, fuze
and booster all enclosed in a metal casi 3. Upon detonation of
the HE charge, the metal casing expands very rapidly, usually to
about 1-1/2 times its original dimmeter ™!, and then breaks into
fragments. The rate of exparcion depends oo the camposition and
we gat of the explosive filler, type and thickness of casing
zaterial, and the geometric cnufiguration of the warhead in general.
When the casing breois up, the resulting fragments fly off, ususlly
in a direction perpendicular to the surface of the expanded casing,
at the same speed that the casing Lud atta’ ad during ita expen-
sion; little =i 10 additional velucity increase occurs after the
cnsing rupturea- 2, With.: a very sicrt distance fras the center
of explosion the fragments pass thrcugh the shock wa's, waich s
retarded by the air to a greatsr extent than the firaments.

In effect, the high velccity fragments are projectiles
with a potential capapilicy of infl’'cting dimage to adjacent
objecta. The poteniial damage capebility devends upon such param~e
ter as fragment mass, velocity, wad ciatribution which are dise-
cussed in parsgraph 1.7 telow.
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1.2 PABAMETERS INVOLVED IN THE FRAGMENTATION FROCES3

1.2.1 MASS DISTRIBUTION - MOTT:"%. The mass (m) and mass
distribution of fragments from natural fragmentirg varbeads have
been described theoretically in terms of simpls exporential funce
ticns of m. Tha most widely used of thuse are the formilae intro=-
duced by Mott and m::root"", which in general, apply fairly well
t0. all modern fragmentation wvarheads.

1.2.1.1 Two=Dimensional Breakup. I{ was proposed in refere
ence l-3 that fragmentation of warhesds which utilize thinewwiled
cezings is the -ssult of two=dimepsional bresiup. Under this
assurption, along with the assumption that two-dinensionel breakup
holds down to ths finest fragnents, the mass distributicn of the
fragments may be approximated by the equation:

{3}
Nm) =N, e (1-1)
where:
N(m) = number of fragments of mass greater than (m)
N, - total mmber of fragments (M/2u)
2y = arithmetic average fragmen mass
M = total mass of verhesd case (same units as u)
¢ = base of natural logarithms
It should be noted thaw Mott's equation (1l-1) sssumes the warhead
casing to be a cylinder. Although this is not generslly true,
satisfactory results can be obtained by cornsi’ 2rirg the casing as

& series of cylin.. ical segments and camputing fragment mass diae
tritution for each segmant ..pwmrately.

1.2.1.2 Three-Dimensional 3reskup. It is postilatedi=¢ th ¢
a large mmber of fragments, whcse siz: is not infivenced Ly casing
thickness, may result from the fragsentation of an exceptionally
thick .cased vars=ed. Under this coudition ths fragmentatioa pro-
cess vbeys. the lav of three-dimenssionsel Lieekup, and the mass

L PRV
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distribution ot fragments will .« described oy
2)1/3
u

Xa) - 7, et (2-2)

N(m) = mmber of fragments of mass greater than (m)
N, = total mmber or fragments (M/6u)
€s = aritimetic aversge fragment mass
M = total mass of warhead case

There i3 no set procedure for determining the -.uci
casing thickness of warheads at which transition from wo=dimensional
breakup to three-dimensional breakup begins. However, it is stated
in reference l-4 that "aost service projectiles having a wall thicke
ness (before expansion) not greater than about 0.6 inch fall into
the category of two=-dimensional breakup”.

. 1.2.1.3 Mott Scaling Formlael”S, The value of the perameter
u is related to the inside dismever (d,) and thickness (t) of the
wvarbead casing by the empirical relation:

“1/2» =3B ts/‘ d’. 1/3 (; + d—}) (1-3)
whevre:
u 1is in grams
B bas the units of gnd/? in. -7/0 ua deperds upon the
explosive composition and the , ./wlcat characteristics
<5 ‘ne casing material
and

t end di are in inches




MWL REFORT NO, 1821
CONFIDENTIAL NAVWIPR REPORT NO, 7673

For emall values of C/M, the charyc-to-metal-azass rstioc, equa~
ticn (1»3) agrees very well with the formula [xoposed by Gurney and
Sarmousakis (see paragraph 1.2.2) although in gensral these for-
mulae do not agree. A camparison of these formulse wvith dats
obtained from two recent tests conducted at MWL, Dahlgrea is

shown on Figure l-1. The camperison iniicstss that Mott's scaling
formila mors nearly represents the experimental data than does the
Gurney-darmousakis formula.

The two test vehicles wvere cylinderr losded with He§
explosive. The inside dismeter, wall thickness, and length of
each cylinicr was 10.209 inches; .270 inch, and 15 inches
respectively. One cylirder was fabricsated fr-m AISI~C1045 steel
with a Rockwell hardness of approximately 98-5. The sther cylinder
was machined from the cylindrical gection of & BULLFUP A warhead
(AIS§ 4340 forged steel with a Rockwell bhavdness of &ppso - lés.ly
36=C) .

1.2.2 QURNEY-SARMOUSAKIS SCALING FORMULA. The relationship
between ., Lhe thickness (t), and inside dismeter idl) of the

casing will, according to Qurney and Sarmousskis™ , be described
by:
s/a
RS- CEL L YL (104)
44 2\M
wvhere:

2u = arithmetic aversage fregment mass (grams)

A = 8 constant depending on explosive cooposition and
the phyrical (lLuiscteristics of the casing

naterial (ga/in.3]3/2

t aud -, are in inches

ﬁ = charge-=to-metalemnss ratio

4 CONFIDENTIAL




CONFIDENTIAL

10000¢
7200 < MOTT - Nepy=6940 exp- i3y )1 ——
-SARMOUSAXIS -
$00FN Nym)*28800xp -yt =
© TEST DATA - 045 STEEL CYLINDER {u=1.57)
1,000 ff A  TEST DATA -4340STEELCYLINDER (el 04
\\ 3 \m ]
2,00C \\ _
‘
1,800 \\ \%
N
1,000 h N \g
\\\@
700
E
Z 500
s
300 A Iy
N
N
200 .
| By 1 \V.
- N
100 | \ :
**ASS DISTRIBUTION
10 FORMULA (OWMPARISON AN
s [ ! '
N I | \
o ] [ . 4 )
m‘c’(-;ml)
FIGURE (-1
CONFIDENTIAL
5




MWL REFQRT NO. 1821

CONFIDENTTAL NAVWEPS EEFCRI NO. 7673

1.2.3 EFFECT OF EXFIOSIVE ON u . Solem et al of the U, 3,
Naval Ordnance laboratory (reference 1-6), experimentally detere
mined values of the Mott scaling constant (B), the Gurney-
Sarmousakis scaling constant (A), and the parameter y for various
~explosive compositions. The results obtained from the above
experiments are tabulated in Table l-1 to provide an indication
of the effect that various explosives have on u 88 well as the
sbove mentioned scaling constants.

TABLE 1-1 MOIT AND GURNEY-SARMOUSAKIS SCALING
CORSTANTS FOR VARIOUS EXPLOSIVES

Explosive /M pl/? - me¥3 3 a2
Barstol 0.562 1.257 2,13 2.55
Camp B c.377 0.5% 1.18 1.14
Cyclotol (75/25) 0.380 0.471 1.0 1.01
B-6 0.385 0.666 1.47 1.34
HEX~1 0.354 0.615 1.3 1.%
HEX-3 0.403 0.781 1.2 1.65
Pentolite (50/50) 0.368 0.596 1. 1.27
PIX-1 AR 0.367 0.534 1.8 1.14
PIX-2 0.373 0.546 12 1.17
TNT 0.355 0.751 1.66 1.61
*Comp A3 0.367 0.474 1.2 1.13
*Pentolite {50/50) 0.383 0.63¢ 1.4 1.27
#RIX/WAX (35/5) 0.370 0.509 1.13 1.08
*Tetryl 0.371 0.660 1.45 1.4

w0res:  PMots's scaling corstass (gu'/? 1n."7/9) o/
" Guiney-8srm_usaxis scaling constant [ga/1a.3]1/2
*Indicr tes pressed explosives

It shou.d be ac*: . that the values of the above constamts apply
spezifically only to cylind rs similar to those used in the
experiments. The cylinders were made up from AISI 1047 :oanless
cteel tubing vith a Rockwell hardness of Lpproeximatsly 100-B. .ae
inside diameter axd wall thickness of :ach cylinde. vad = pcoxie
mataly 2.0 inches and 0.25 inch respectively.

o e i e o -+ =
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l.2.4 EFFECTS OF CASING MALTRIAL ON u. Only a limited
amount of information is available relating the effects that
various casing materiala have on u. However, it is concluded in
reference l-7 that: )

1. Cylindrical charges utilizing either forged ar cast
steel, of the types used in current HE shell, produce fragments of
a conciderably larger average mass than similar charges which
employ malleable or ductile cast irons as the casing material.

2. No correlations were founl to exist between I: igmentaw
tion and c+rength or ductility of tie casing materisl.

The above conclusions are based on results obtaincd from
tests of cylinders which were open at both ends, baving an inside
diameter of 2.5 inches and a length of 6.0 inches. Thre. wal.
thicinesges, 0.2 inch, O.4 inch, and 0.6 inch were utili-~ed. The
three high explosives used for the fragmentation tests were Bara~
tol, TNT and Camposition B.

1.2.5 ANGULAR DLSTRIBUTION OF FRAGMENTS!~®. When a warhead
detcnates, fragments are projected in many directions. For spheri-
cal varheads the density of fragments is substantially constant
regurdless of direction. However, for cylindrical warheads the
greatest density of fragments is comwiirzza in a narrow sidespray
(cammonly rererred to as the beamspray) of the order of 20 degrees
in width. This beamspray is generally located near 90 degrees
fram the nose of the warhead as illustraied by Figure 1-2.

Asguming that the warbead under consideration is sym-
met=izal about its longitudinal axis, the mmber of fragments as
a unction of the angle g measured from the nose of the warhead
is described by:

8 .
2

N = 21(] A 0) sin ¢ do ' (1-5)
=]

i

N = rumber of fragments coctained in the polar zone
(6, «9)
A8) = mmber of fragmeatsr r:~ stersiian in palar none
tetween 6 and ¢ « J€.

7 CONFILENTTAL
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For cylindrical warhead: detonated at one end, the posie
tion of the fragment beamspray is slight]g dispiaced in a direce~
tion away from the point of initiatic...

The static fragment density p(9) is usually ottained
from proving ground tests, the fragments being collected in
fiberboard or other material. When the warhead bursts in flight
each fragment has added to its velocity the forward velocity come
ponent of the missile at the instant of burst. This shifts the
fragment beemspray forwvard and also increases the density of
fragments in the forward Lemisphere at the expense of the —ear,
The equrt?an for making the transfirmation fram static to dynamic
conditions is given in reference l1-10 as:

A
cot g, =cot 9 + Zcsc g (1-8)
Ve
vhere:

8q = angle measured from the nose of the warhead
(dynamic)

¢ = angle measured from the nose of the warhead (static)
Vg = velocity of the missile
Ve = static velocity of the fre sents.
1.2.6 DETERMINATION OF INITIAL FRAGMENT VELOCITY.
1.2.6.1 Theoretical Determination. The Gurney formulas,
derived in rclerence 1-=11, han been shown to be quite reliable
for predicting the iuivial velocities of freagments for cylinders
and spheres. Based on simple consideration of the explosive
energy available, along with the applicatir . of the cunservatiorn
of energy, ths prediction of initial velocity of the fragment is
given by the followins eg.ction:

for cylinders

¥, =D CcM ) (1-7)

T’
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V. =D l__cﬁ__ (1-8) o,
° 1 4+ 0.6 (C/M) : »

V, = initial fragment velocity {(fps)

for spheres

-
e A e & Bttty B ItPr- DDt it = o \n

D = a constant (fps) depending on the cmitimi of \;f,\-‘_'
explosive used, GURNEY CONSTANT :

C = weight of the explosive charge e
M = weight of the fragmenting metal
The above equations neglect the work done in breskeup of the metal

casing and it is generally agreed that a very small part of the
explosive energy is used in thias way; hence, the initial fragment

%

velocity depends only on the charge-weight to metal-weight (C/M)
ratio and not on the material or comnstruction ~f the casing. :
Values of the Gurney Constant (D), for same of the . s
camonly used explosives, are listed in Table 1=2.
TABLE 1.2 GCURNEY CONSTARTS FOR VARIOUS EXPIOSIVES .
Explosive Gurney Constant D {(fps)
B-6 8,400
Camposition B 8,800 ; s
TNT 7,600 1
Pentolite - 8,400 i
HX 8,100 ]
Picratol 7,600 \ .
Tritonal 7,600 ’ .
Minol=2 . 8,300 ' A
Torpex=2 : 8,C.0 ’ :
Campogition: Ce3 6,800

LI Y
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1.2.6.2 Effects of Casing J'.ape and Trickness on Initial
Velocity. Fquations 11-75 and Zl-ei may be utilized in predicting
initial fragment velocity, without serious error, for practically
all types of casing material provided that the case is of unifcorm
wall thickness and is either spherical or cylindrical in shape.
However, warheads are almost alwvays designed with a variable wall
thickness; this is particularly true for projectiles which are
extremely thick toward the nose. When conditions such as these
exist, the initial velocities of the fragmerts will vary with
respect to the angle from the nose of the warbead. Generally,
the velocities are much lcwer far the nose an’ dase fragw: tg
than for “+~amspray or side fragmenis. Thus the general practice
has been 10 determine experimentaily initial velocity as a Tunce
tion of angle from the ncee of the warhead. .. typical initic)
velocity curve is given on Figure l-3. Although the ahove equa=
tions are quite sensitive to the shape and thickness c¢r .o .dre
nead casing, Qurney's formula (Equation (1=7)) far solid cylinders
has shown good agreement with experiment for long cylinders
(length to diameter ratio of 2.5 and in scme cases even for
length to diameter ratio of 1.25)*"1°, and moderately good but
scmewhat high results for short cylinders or ogives.

1.2.6.3 Experimental Determination. The initial velocity

of a fragment with known mass, average presented area, and
average velocity over a given distance may be approximated by
the following aquations:

Vo = Vyy (5:‘7:—1) (1'9)
k- ~e
V, = initlal velocity of the fragment
Vay = average velocity of the fragr =t
e = base of the aatural logacitim
and

Pe Ca AR

I

(1=10)

———
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vhere:
p, = density of the medium

Cq = drag coefficlent (dimensionless)

. = average presented area of the fragment - see equa=
tion (1-11) for a method of determining A

R = distance over which thes averarse frugment velocity is
measured

= = .tasy 57 the fragment

Bquation (1-9) was obtained by integrating the staniard
velocity decay equation (V, = V e~¥), where Vjy equals ..
velocity of the fragment at any distance (R). For a derivatiocn
of the velocity decay equation see reference l-l4.

Providing sufficient dats are available regarding the average
velocity, average presented area, and aversge mass of fragments
produced from a given warhead, an estimated cucstant initial veloe
city for a amall polar zone may be computed by use of equa~
tions (1-9) and (1-10). EHere (V,,) in equaticn (1-9) is taken
a3 the mean of the average velocities for all fragments in the
particular zoue. () and (m) in equaticn (1-10) are taken as the
mean average lresented area and average mass respectively for all
fragments in the particular zone. For ai example of the applica=
tion of this method see references l-12. The equation for (w)
given in reference 1-12 involves a conatant (0.241) which includes
the effects of air density and a conversion factor necessary %o
wa* - \v) dimensionless.

1.2.8.4 Relat!:cr Detwveen Mass and Area of nts. Equae
tions (1-8) and (1-1C) both involve the ratio of the aversge pre=
sented srea of the fragment to its nasz (I/m,: »  if completely
rendom orientation of the fragment ic wssumed, this ratio is given
by the relaticn

X/, - K(m)"*/® {1-a1)

vhare K i3 & constant dejcadent only upon tiic gecmetry of the
tragnent. Table 1«3 gives values oi ivcls ecuutant Tor fragments
of vexricus types.

13 ONFIDENTIAL
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TABLE 1-3 VALUES OF "X" FOR FRAGMENTS OF VARIOUS TYPES ’

l Type of Fragment xd :

Randam steel fragments 0.550

Spheres 0.3CS

Steel cubes 0.380 |

Source reference l-l4. : o
BOTE: Yn in grams, X in sq. cms. ;

Table l1-4 lists the range of values of K for projectil:z nf differe
ent types. The data presented in Table l-4 are ev*ractcc ILrom
reference 1=13.

TABLE 1-4 FRANGE QF X FCR FRAGMENT FROM .
PROJECTILES OF IITTERENT TYPE]

| :

i )

Type of Projectile Type of Breskeup Range of X4 ° 5

.

Helix of frsg. bombs Oneedimensional’2 0.422 - 0.486 . l .

Medium and large caliber Two=dimensionel 0.486 = 0.553 i :

artillery H.E. shell and threee . ) J :

and S.A.P. bombs dimensional |

G.P. bambs, mortur Twomdimensional 0.553 = 0,757 ! ;
P ¥, shells, inner |
;use of frag. bombs; '
low caliber H.E. i
artillery shell l

WOTES: (M1 45 .. ams, X in sq. cms.

‘”m. type of rékeup could Le considered as semie
controlled, since the lateral dimensions f tae L1as=
nents are fixed by tls width and thickness ~f *ha ro
or vire forming *the nelix., The other Aixcnsion of the -
fragment 1s dependent upon “he rardoam breskeup of the
rod 2ateriel ulong its lorgitudtinal axis. 1

u CUNPIIENTTAL ,
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1.2.7 TEMINAL FRAQMENT VFT2CITY. As fragmentr travel

through the air, they are slowed down by air resistance so that
they will strike a staticpary target at a velocity lower than
their initial velocity. 3ince their dimaging power depends on
their terminal (striking) velocity as vell as their mass, it is
dssirable to have a counvenient method for determining th:3 variae
ticn of striking velocity with such parsmeters es fragent mass,
distance of travel, etc. Such a method is presented in the

following paragraph.

If the initial velocity is lnown, the velocity = rresponde
ing to « aiven distance of travel =ay be computed by the equation

Vg = Ve f1.12)
vhere:
Vg = velocity at any distance R
Vo = initial velocity
¥ = 88 cefined in equation (1-9)

The initial dynamic velocity of the fragments may be
obtained by simple vector addition of the fragment initial
velocity (static) and the velocity of the missile at the time of
detonaticn of the warhead. This initial dynsmic velocity may
then be substituted for (V,) in equation (le=l12) amd the actual
terminal velocity of the fragments may be camputed.

Although the drag coefficient (Cq) is a function ¢f the
ve ocity of the fragment, in the application of equation (l-12)
1t is usually assumed that °; 1s substantially conetant over the
distance of fragmeat travel (R). Figure l-4 gives a plot of ¢,
as a furction of Mach mmber for variocus fragment types.

1.3 CONTROLLZT: "RAGMENTATION

An important field of investiga<ion has been thre. of desian=
ing a warhesad t» producs fragmints of & predstermines dcsicabl -
size. For sufficiently syecitic varrsead/target ciunlinatioas this
is considered desirable, since the ccntrol of the sizs of fragments
enicted by a warhead tends to decrecse the sount of wetal that
will ps vasted in Irmgments eithor to~ rasll o tco large to be
et?s ‘tive.

18 CONFIDENTIAL
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) 1.3.1 MOIS OF FRAGMENT SIZE CONTROL™!C, A number of
methods are available for controlling the size of fragments such
ag: (1) preformed or precut fragments, (2) notched or grooved

. rings, (3) notched or grooved wire, (4) notched casing, (5) multi- -
ple walls, and (6) fluted liner. A basic discussion of each of s
the above methods of cemtrolling fragment size is prescated in the i
following paragrarhs.

1.3.1.1 Preformed Fragments. Indavidual fragments may be
cut or formed to the aesired sizs yrior %o fabricating them onto
the werhead. Under this conditicn the only possible devristion
from the initial size weculd be a result of breakage upon expul-
siom, achesizn to each other or, possibly. tc other parts of the
warhead. However, these factors may usually lLe considered rnayiis
gible and for all practical purposes nearly 100 percent fragmenta-
tion conmtrol is achievable.

The principal cbjiection to a widee-scale application of
this method of control is that additional structure is required for ’
support of the fragments. This structurs usualiy consists of thin
metal izner and/or outer limers, to wkick the fragments are attached ! ;
with adhesive, which add to the overall weight but contribute very 3

. little to the effectiveness of the varhead. A second objection to
preformed Iragments 1s the resulting loss in fragment initial velo-
city as vompared to natural fragmenting varbeads. This velocity
loss is due to the rupture of the wvarbead casing early in the
expansion. Following the rupture of the casing, the explosive
gases escape through the intersticec be .ween the fragments amd
expand to atmospheric pressure, thus decreasing the distance :
tirough which the accelerating forces act on the fragments. Recent : R
developments have proven that plastics such as fiderglas laminates ! v
r v be successfully employed as liner material. =

Frimary ~.amples to date of spplicaticns of the preforzad N
fragmert jrinciple are in the fragmentation warhesds for the NIXE X
AJAX, HIXE HERCUIES, ard HAWK missiles. i

1.3.1.2 Notched Rirgs. In thi3 mwethod of controi, a seriss
cf notched rings are fitted togethe~ to form the wsi..cad casirg,
each ring thus forming 8 section of the warhead nerpanféicular ro e
the axis of symmetry. Zisentially, the thicknesé .nd width of the e
rings provide comtrol of two dimensions cf the fragments, while
novches in tis circumfersnce of tl: rin3 previde plates of weakness A
vhere breakage in the third dircutice: is decired.

17 CONFITENTIAL : : 1
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1.5.1.3 Notched Wire Nethod. In general this method is simie !
lar to the nctched rings, discussed in tke preceeding peragrsph,
except that notched wire is wound in a helix or spiral about the .
warkead casing to control fragmentation.

1.3.1.4 Notched Casing. Instead uf notching in one direc-
tion and having actual discomtinmuities in the metal in the other ,1
directions (such as in the notched ring o vire method) it is |
possidle to cut, punch, or cast a two dimens_onal petwoark uito &
salid casing. In principle this method is the same as in the
notched rings wr vire.

1.3.1.5 Multiple Walls. The multipieewall casings are made
by using close=fitted cylinders, each with thiciress t/n, wiers o
is the total thickness of the casing ard n is the mmb~~ ~f valls.
This method does not give complete fragmentation copT>ol since
anly the thickneas of the fragments is uniform. The effe:t of
using multiple walls has deen %o reduce the sverage fragaent mass
and incresase the mumber of fragments.

1.3.1.6 Fluted Liner Method. In this method the explosive
charge is grooved, so that the resulting shaped=charge-effect will
break up the casing in the desired places. The charge is grooved .
by means of the fluted liner (which is sometimes constructed of
plastic, wood, or rubber) inserted between the sclid metal casing
and the explosive. When the warhead is detomated, the flutes .
Zive a shaped charge effect vhich tends t~ cut the metal casing
in the pattarn foarmed by the grooves.
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2.1 HLAST-EXTERNAL

2.1.1 INTRODUCTION. Generally, blast intensity fram high
explosive ordnance items may be adequatsly described in terms of
two quantities = peak pressure (P) and nositive impulse (I). Both
quantities vary with distance Prom the charge ani are affrcted by
such parsmeters as charge coamposition, charge geometry, casing
material, atmospheric pressure and temperature, and Mach wave
reflections.

This section provides a brief review of theory, rme=
sents experimental data, and compares the two. Much of the work
presented .n L..s section has been extracted Trrm the excellent
work of Division 2 of the National Defense Reieach Commitiwsn, the
RBalligtic Research laboratories and the Naval Ordnance labaratory,
white Oak.

2.1.2 PHENOMENA OF HIGH EXPLOSIVE BLAST IN AIR:.

2.1.2.1 Prcpagation of the Shock Wave. The rapid expansion
of the mass of hot gases resulting Irom the detomaticn of an explo-
sive charge gives rise to a wave of compressicn called a shock
wave, vhich is propagated through the air wvith a velocity inie
tially mich greater than the velocity of sound. As illustrated by
Pigure 2-1, if the fromt of the shock wave is considered t: be
infinitely steen, then the time required for the campmession of
the undisturbed air ahead of the wvave to full shock wave pressure
is zero.

For a spherically shaped high explosive charge, the
resulting shock wave will be spherical, and since ita surface cone
tirz *s to increase as the shock wave traveis ocutwvard from the
charge, the erzrgy per unit orea continues to decrease. Thus, the
pressure at the wavc iront, "ihe peak jressure’, also continues
to decreese. An additional decreass in pressure may be attributed
to attemuation in the form of work daze o1 t'. alrs,

Behind the shack-s ave froat, the pressure in tlLe vave
decreases from its initial peak value Near the charg:, lhe pres
sure in the tail of the vave is greater taaa one atwosTheve. B.L,
as tle vave propezates ocutward from ta2 charg:, a rzrefaicicn vave
is formed wvhich follows the shock wave. At sams distance from the
detouation point, the pressure belird the shock wave Iront falls to
& value less than onc atmosphere, an2 then viges again to a steady
value cjual to one atmcsphere. The pert of the shock wave in
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/- i’;()a POSITIVE DOFOLEX
I of 2(t)t =

Pressuig -———b

—

t=o \__/

TIE — s

PIOCRE 2-1 TYPICAL PRESSURE - TIMR CURVE

which the pressure is greater tian one atmosphere is called the
positive phase, and immediately following *:, the peart in vhich
the pressure is less than one atmosphere is called the nagmtive
or suction phase. Foar a discussion of the theory of shock waves
see reference 2=2.

If the shock wave velority 1s known, tbe peax side-on
shock pressure may btc¢ ~b*ained rram the Rankine-fugoniot condition

P, 2 v -
7| )

» peak side=on press.re

= ambleat umcph;-:;c pressure

= shock velocity in atill air

= gound velocity i+ air ahwed of shock

= ratio of speciri: heats (equal to 1.4 for air}
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2.1.2.2 Pressure-Time Relationships. A fixed gauge with

respect to a charge, which is capable of irdicating the side-on
pressure instantaneously applied will rccord pressure in the wave
ag a function of time, The resulting press- -e-.irs curve is.very
similar to the curve discussed above and to Figire 2-1. The time
elapsing between the arrival of the shock front end the arrival of
the part in which the pressure is exactly atmostheric is called
the positive duration. An important quamity in the applicatvion
of blast measurements is the Positive Impulse (I), which is the
average pressure during the positive thase multiplied by the vosie
tive dura“ion. Mathematically, Positive Impulse may be ex,uesgsed
as

11
I =f F(t)dt 12.2;
S

where:
t = time of positive duraticn
P(t) = positive pressure expressed as a function of time,

2.1.2.3 Reflection of Strorng Shock Waves. When the pressure
in the shock vuve is appreciably above one atmosphere, the phenomena
may be described in the following manner. In Figure 2-2 there are
represented three successive stages in t ¢ reflection of strong
shocks. The incident wave Iz is first shown as it touches the
reflecting surface S. The excess pressure above that of the atmos~
Db~~~ ut this point is more than twice ihat of I, elsewhere. The
miygnitude of the incrvase cf fressure over that of Il is determined

by the strergth of I .

As the incident wuve experds to srae greatr~ I, the
roflected wuve ., also expands, but the retlected wave is not
syherical as in the case .2 ,ery wes™ c<hock waves. Tac angles at
which I, and R, meet the surface S are not equal, In yr.ucrsl, wrd
the ungle of the reflectad shuock Xy depenas upon the 3tmens=h w2
angic of inciderce of the incident shock. It s Leen rouad that
for each ratio of the pressurv in front of the shock wave to that
Limediately beirind the wave frout *le-e is g critical angle or
incidence beyond which reflectins of -he iypr at R, is impossiblc.
The.: 13 scme place along the grownd where = new type of reflection
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FIOORE 2-2 REFLICTION OF 9TRONG SHOCX WAVES

S N

called Mach Reflection takes place. The intersection of R and I

no longer lies on 8, but lies above it and follows scame path, L.

A new wvave M, thc Much wave, connects the intersecticn of R and I .
to the surface. The intersection of the incident vave, the

reflscted vave, and Mach wave is callsd the tripls point,

As the phenomenon progresses, the Mach wave grows amd
the t=‘mle point describes a curve through the air. The geometry
of th. Macl reflection phenamenocn has been studied, with particular
reference to the path folliwcd Ly the triple point, by various
investigaturs. Enpirical methods of analyzing blast data and
methods for expressing the height of the triple point sa a funce
tion of distance are reported in refersnce 2. 1lypical paths for
several charge hel..ts and weights are shown on Pigure 2-3.

A3 the Mach wvave grows in height, it absarbs iue incle
dert and reflecied wvaves., Ultimaiely, «t distances -er> l.cue cr. -
pared 10 heights of burst, tla vhols coufiguratiur =z shncks o
becomes spproximately & sinale spherical shock wave intersecting the .

ground ~rthogonally.
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2.1.2.4 Effects of e an._Orientatior™*. The
arientation of nonespherical charges relative to the gauge has a
significant effect on the intensity of the measured shock prese-
sure and impulse, since the shock configuraticn from such charges
is > a complex mature. For example, bridze waves resembling Mach
vaves form ofl the edges ~7 ~rlimirical charges and the pattern
same tire after emecrqence takes the form illustrated by MMgure 2-4.

Assymetry is not the only canse ¢’ couplications in wave
patteras, fcr «¢v4n in spherical explusions away from all reflecting
surfaces the gauges irdica.e the exisiynce of secondary and tertiary
stocks. However, in measurements of” spheres and off sides of
cyli:ders, these secondary shouks are small relative rs “he pr nary
vave. Hence, measurements of impu'se in these cas2: uwsually
exclude the contributions of these se~ondary shocks. In messure=
ments of?f ends of cylinders and IEngloeers’ deaolition blocks,
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-~ Iaitial Shock

=

FIOORE 2-4 mmnnum

however, secondary pesks are large and occur well within the
initial positive phase, as lllustrated by Figure 2-5. Thererfare,
the impulse data include the area below the secondary peaks.

Primary Peak
Secondary Peak
Ixpulse
;%h_.

'O—-od‘

‘——.

FIOUSE 2-5 WAVR JORM OFF WASE OF CTLIMERs®-d

The second shock is at tires as intsnse a3 tue first
shock, particularly in the caz® of rharges vith L/iw. Jcal 7 eue
sure in such cases is the preusure ¢ the first ehcck, vails
impulse is taken to be the entire ar-s of the pressure-time curve
abcve the smcient level (2,).
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Figures 2«8 and 2=7 from reference 2e-4 campare the press
sure and impulse curves for cylindrical and spherical charges of
Caxposition B. Generally the results presented in reference 2«4
indicate that the initial intensities for spheres are lower than
¢ylinders.

2.1.3 THE V/RIATION OF PEAK PRESSURE AND FOSITIVE IDMPULSE
WITH JISTANCE FROM THE CHARGE

2.1.3.1 Theory. In the study of explosions and the shock
vaves resulting from them, one of the moei important and s 4
same tims, une of the most difficult problems v*e t0 understand
the laws ihafi govern the propagation of shoca through the air.
In 1544, a theoretical solution to the one dimensional sphericol
blast problem was devised by Kirkwood and Brinklsy (rr®evences 2«5
axd 2-6). Basically, Kirkwood ard Brinkley transformed ise none
linear hydrodynamic equations into a set of ordinary pariial
differential squations, which, together with (1) the Rankinee
Hugoniot relationships and (2) an assumed energye=time curve, made
it possible to obtain approximate spaces=time values of the blast
Jressure and positive impulse. ]

2.1.3.2 Verification of Theary. The Kirkwood=BErinkley theow
retical results have been verified to a surprising degree over a
vide range of variables. As shown on Figures 2«8, 2«9, 2«10 and
2=11, excellent agreement exists between the experimental points
of Fisher and Weibull (references 2=7 and 2-8) and the theoretical
curves calculated by Xirkwood and Brinkley. The theoretical curves
for THT and Peatolite are based on the assumed values of 1060
cal/g and 1450 cul/g a8 the energy of detonation. The better
geL ..l agreement is found for THT but that for Pentolite is by
0o means considered poor. The mesk ressureesdistance curves
exhibit the test agic-ment between theory and experiment, probe=
ably because the peak pressure is a relatively insensitive funce
tion of the energye-time relationshiy assumed The irg-ilse curves
shov greatar di:-repancies, however, because they are significantiy
more sensitive to this relrtinnship.

2.1,3.5 Epiricul Formulse. The ride-on excend peak pror-
swes and positive irpulses of air sl .ck waves fr : d.imweelions of
spherically shaped explosives charges of 50/50 Iwntcliie have been
mDeasured by E'L (cefersncs 2-13) under smbient atmospheric nrese
sures ond temperatures simulating a-tiiraes vn to 50,000 feet. The
reducrtion in peak pressure and postui.- Lxgulie stterndant on

26 CONFIDENTTAL
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decrease in ambient pressure for vs.''les of Zpo“/ 3 ranging from

approxizately 2 to 30 can be expressed by the following equations
derived frocm BRL experimental data.

For peak pressure:

D ..37.95 . __154.9 203.4 403.9

+ + (2-3)
Po zp ¥ (zpt0R  (2p,H)°  (zp/R)*
For positive impulse:
log, = 1.374 - 0.695 log, (2p Y3 1z

s
poaf wl/a

P = peak pressure in psi

P, = smbient atmospheric pressure in atmospheres (1 stmos-

pheres = 14.7 psi)

2 « RS
R = distance from explosive in feet
W = weight of explosive in pounds

I = positive impulse in psi mill.seconds.

Equations (2-3) ani (2-4), above, may be applied to

other explosiver through tis us2 of zpplicable relative peak
pressure ard vositive lmpulse values. Table 21 summarizes the
Pcak pressure and positive impulse values of several explcsives
relative to TNT (references 2-14 and 2-15).

2.1.4 CASING EFFECTS QN ALAST

2.1.4.1 Functions of the Warkead “ase. Weeponr, v.en v
into service, narmally employ sams type of cusing foouxd the
high explosive charge. The function of :he caae deperds upon
vnethe: the warhecdl is designed to Le ~otoncted nside or cutsids
of the target envelcpe, that is vhethsr *‘ast is irternal or

33
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exterral to the target. The cas‘rz for an internal blast warhead

must function not only as a container for the explosive charge but

also a8 a means for penetrating the target. The case for an exter- .
nal blast varhesad serves primarily as a contaiper for the charg=. ’ ‘
Considering both internal and external blast varheads, s secondary

purpose of the casings is the potential damage capability as a

result of case fragmentation.

2.1.4.2 Pano Pormula®"1®, The steei case retaining an
explosive charge reduces the blcat effectiveness of the charge,
since energy is required to accelerate the casing after de“ nztion
has teen accamplished. The effact of this wvas first studied by
Pano of ofu who rroduced tha following formmiias

.02 +.0:8 for peak pressurs (2-5;
W 1+ M and positive i=gulse
[¢

T™is equation vus developed through the extension of the work of

Gurney vho considered the kinetic energy at the time of rupturz2 as
being made up of tha kinetic energy of the explosion produced gases }
and the kinetic energy of the case.

later investigations of casing effects oz blast at the
Naval Ordnance labaratory, reference 2=-16, yielded the following
expirical relatlons. .

For positive impulse:
. .
1 += (1N
+c( )

W, SR —— G —— (2-6}

14

vl

olx

For peak pressure:

1 Jg (1 -u |

1+

wl
w

- 1.19 (2-7)
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‘ where: =
W’ = equivalent bare charge weight . b

W = actual charge weight
M = case weight in cylindrical section

C a charge weight in cylindrical sectinn

M’ = M/C when M/C < 1

M‘ = 1 wenM/C>1

2.1.4.3 British Formulae. A relatively rerent reries of
casing effects tests was conducted by the ARDE (referess:. Z=1,),
vhich utilized 66 pound cylindrical charges of RIX/TNT (~3/40)
and Minol-2 (40« TNT/404 Ammonium nitrate/20% Alumimum). The

= A, ranged frem .05

charge weight to total weight ratios, "
C +

to 1. Utilizing data fram these tests, ARDE developed the following
e=pirical relations.

For non-aluminized explosives:

’
%. a -g---_ﬁ-f--A for peak pressure (2-8)
and .
Mo ub s PA fur positive impulse (2-9) o

w P res
It should be noted that the DBritir.. forrmla for positive
impulse (equat:i-.: 2-9) is the same as the Fano formula (equas
ticn 2-5).

For aluminized explosive:

3 - 2210 = 2 10A o peak pressuse (2=10)
2« A et Dositive impulse
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2.1.4.4 Comparison of Formulez. A gTupuical camparison of
the NOL/wo formilae with the British Formulse is shown in
Figure 2-12., Regarding non-aluminized exploeives it 1s evident that
both Fano and ARLE results (equations 2-5 and 2=9) agree for posie
tive impulse but are lower than NOL/WO results (equation 2-6) for
values of "A" greater than O.4. The British results for peak
pressure (equation 2-8) are considerably higher than the
revigsed formula (equation 2=7) for peak pressure ror values of
"A" less than 0.5.

Regarding aluminized explosives, the curve (equat’ m 2-10)
indicates an increase in both peak pressure and positive impulse
over that cLta.aed for comparable weights of rore-aluminizad

explosives.

Based on results available ip the references um Lua Jhm
gephical coamparison of the above formulae it is suggested that:

1. Equation 2«10 te used for peak pressure and positive
impulse for aluminized explosives.

2. Either equation 2«5 or 2«95 be uscd for positive
imm™ulgse for non~aluminized explosives.

3. Equation 2-8 be used for peak pressure fOr none
aluminized expicuives.

2.1.5 EXPERIMENTAL MACH REFLECTION S_UDIES

The reflection of shock waves at oblique angles of
ineic-mce upon surfaces of hard packed clay soil and water has
been ,tudied by NOL in reference 2-18. Peak pressure infarmation
was obtained ir the far Mol royion along the reflecting surface
by the shock velocity method. A perfectly rigid reflecting sure
{ace wes simulated by the irtersecticn of shocv vaves f~mm two
identical spherical charges fired simmltanecu..ly.

2.1.5.1 Mach Reflc:ticn Coefficients. The effacts of each
type of reflecting surface, reported i the above stullzs, are
axpressed 28 reflection coefficients. The coefficirntes ar2e give.
as the ratio of weight ol explosive aecessary tu & Tired in free
air to that fired rear the reflecting suw'face to produce the same
Iressure at the same radial distarce. Pnc_lts aof tha:e studies
are presented in Table 2«2 a3 tum.t"" o ed charge height
ubove c7lecting surface ( h/H*"‘ in ;rt/lb*”)
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TABLE 2-2 REFLECTICN COEFFICIENTS

/s neflection i
Charge n/wt/ Reflectar Coeteictient
S=1b TNT 2.14 Hard Clay 1.87 =
S=lb TNT 0.88 Bard Clay 1.88
8=1b TNT 0.682 Hard Clay 1.79
Two 8=1b TNT Charges 2.14 Perfect Reflactor 2.08 :
Two 8=1b TNT Charges 0.82 Perfect Reflector 1.98 <
Two 8=1b TNT Charges 0.55 Perfect Reflector .94 T
leld Pencosite 1.50 Water 1.91 ’—_,.

2.1.6 APPLICATION F,:;j:._-

2.1.6.1 Free Adr Blast Estimates. The estimation of peak
Iressure and positive impulse for gpecific warheads may be accom=
Plisbed through the application of the preceding formulss and data
jresentations. For example, the expected freewair blast pressure .
and positive impulse of the MARK 81 low Drag Bcad could be estie i W
zated through the use of the equation and curves given in sec= . ; A
tiuns 2.1.3 and 2.1.4. Based on the gearetrical dimensions amd
explesive characteristics of the tomb, an equivalent bare charge k
veight (W’) vould be camputed through the use of equation 2-10. . .
The resulting weight would then be sdjusted to an equivalent N
weight of an explosive for wnich empirical ,ressure ani impulse )
versus reduced distance (R/W> 3) data exist. Xnowing the equivae
lent free air bare cparge veight, the pressure or impulse at a
given distance R may be read directly fror an empirical curve
suck __ Figures 2-8 amd 2-10.

2.1.6.2 Mach Pea’cu Blast Estimates. Estimates ofr the
blast jressure and impulse, under conditions where the terget or
gsuge would be positioned within the Mach reg’ o {sece rigure 2-13) =
mAy be made in 2 . nner similar to tla: described. previously for
frec-air. However, it would rirst be raccessary to make wn addi- .
tional adjustment to the equivalent bare charge veight . account :
for Msch vave reflection. The ecuivalent Lare charge wiight in
the Mach region would be obtainsi dy muitiplying the V' cucained
for free-air by an applicable reflection coufficient. Values for
various reflecting surfaccs aay be obt-iined frew Tabls 2-2.
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Knowing the equivalent pare czars~ weight 1o tne laucn region, tne ,
pressure and impulse at a given distance R could be read directly
from empirical curves as described previcusly for tree air.
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2.1.6.3 Conversion from Sidc=cn {5 Ja- -son Erescure” 1P, uo
apply experime:xr.:i cr theoreiical sive=on peex pressuie results it
1s first necessary to <onvurt to expeetsd fastee=on pressures at the
tai'get reflectin; surface. Ry assuming the shock wove o Do
spherically symmetric, the facc-on prussure P et fuw relleciir -

surface may oe inferred us.ng <=he velation _—

. s
P T
LA B (2=11)
§-: f_5 + 7
P\
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where:
P, = excess side~on pressure
P, = ambient atmospheric pressure.

Flgure 2~14 presents experimentally cderived curves
re.u.ting scaled sidewon and faceeon impulse to scaled distance for
. 1/2 to 8=1b spherical Pentolite S50/50 chasges. These curves may
be used to estimate the expected positive ippulse st the reflecte
1ng surface.
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PO P

4.4.2.2 Penetratizn. When a Jjet stoikos a target of mild
steel or armor piate, pressures of the crder of 250,000 atmostheres
~ are generated at the point of contact. Since this iz far above
the-yield strength of any steel the target flc= -t of the path
of the ‘et ag would a fluld. Tlere is so much redial momentum
associated with the flow that the diazeter of the hole produced
is xuch larzer <han that of the ‘et., The difference in diameter
between the ‘et ard the hcle it produces s nct constant; tlat
i8, 1+ depends upon the charascteristics of e target mateslal.
For ixstance, a hole of m=uch larger diameter is fourd ia mild
steel than in homogeneous armor plate. However, the depis X
Tenetra.lua of 8 ‘et into very thick slabs °f =113 steel or armor

plate i3 zearly equal.

The kinetic energy from the particles is d... ~vsed
radially as the particles strike the target (FigC d=sz). Prie
nary pernetraticn 1is compiete vhen the last jot particle strixes
the target. 7The actual penestration does not stop until the Kinee
tic energy irparted to the target raterial by the let is dissie
peted. The slight additioral penetraticn caused by this after-
flov is known as secondary penetration. The depth of secomuary
penetration depends upon target strength. It is believed that

o this accounts £or the slight difference in the depth of penetrae
’ ticn in mild steel and in armor plate. The probability of some
differences ‘n the depth o primary penetration into these two
metals must not be overlocked either.

The steady-state penetration, equation (4-13),

(T

(2
P oL = (¢=13)

[
\t_

which holds only for idealized jets whore Jperties emain conw
stant thraus.c-. Lhe penetration pricess, had t35 be modified to
teke into consiceration !~tc that are not conatast tut vhich
change character as they travel¥ !, In cquation (4='71,
equxls 8 factor vhick accounts for tLae tature of the et
(pesticulate or fluid), £ equnla the length of tio oy 22 .,
and N the demsities of the Jet and teryetl material respectively.
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Pugh"® tock into a.-sunt the velocity distridution in
the Jet, and the variation of V; with penetration distance.
Pugh's*"? equation for penetratiocn is

1 1 -
P:fUpdttptzf(loJ)zd1=Jot

(™

1 (4=24)

v&re:fuxifare average quantities takirg into account the varie
ation of '_\QJ and £ in time for the eclement of the jet c”®ective in
penetroting the target at time t.

The penetration equation jresenteu by Lichelierg»r¥7 i1g

Pat jp_‘--i—-—l——z- (4=15)
D‘ Epg (VJ ‘Up)

vhere V, and the penetration velocity Up are instantaneous
values, 704 is substituted for lp,, and o ejuals the difference
between o, (target hardness) and g, (Jet bardoess). » is a

statistical factor vhi-h depends on all of the factors that
jroduce changes in eithmr )\ or oy

4.5 PEIXETRATION FACTORS

Many factars affect shaped charge performance; some af them
¥ill be discussed in the following sections.

4.5.1 RATE CF DETONATINN, TYFR AND DEXSITY OF EXPLOSIVR
CHARGE, 7Y standsv™ concivions a difference in the depth of
penetration and in csvity volume is readily seen vhen different
explosive loadings sre used. Table 4=1 1r a tabulcrtion of explow
sive performs—-e observed in statlc pepewration tests at the
KL/W0. Tesuwug ves performed with cylindrical cnarges. The
geometry of the clacgus tested vas stardardized; *hed 15, the
charges had a dismeter of 1.63 Jncnes: were 4.0 fuches high, were
cost or pressed over MIAl typa ete-l gonical 1f .ex-, “=re Pu.utb
initiated, and vere fired into aila stesl taigets at a standof?
distance of 4.0 iuche:.

0 CONTIINTIAY
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The octol group (HMX/INT) of explosives offers up ta 20 per=
cent greater penetration than the other explosives tested amd
satisfy such requirements as sensitivity, availability, compati=
bility, etec., tut with the possible exception of zoet 43,

Burke, Cock, and others at duPont showed that with a knowledge of
the density and detonation velocity cf ai explosive a good estie
rate of performance might be obtained '8, Mare speriﬁca.].u
results fram tests performed with steel, al'mimm, and copper
liners revealed that both derpth of penetratior and cavity volume
wvere a linear function of the detonation pressure. Figure 4-12
shows the variation of penetrution with detomation pressure . r a
mmber of = exnlosives given in Table 4=1. Fiowe 4=13 i3
samevhat sinilar to Figure 4-12 with the excep.ion that three
different types of liner materials were used.

TABIE 4-1 smrmcmnczrmmo!m

VARIOUS EXPLOSIVES®~*®

Lensity Detomation vel. renstration
Explosive {gm/ce) (m/sec) ~ {(4n.)
71/23 BX/TNT 1.80 8450 1.45
75/25 BMX/TNT 1.80 8430 7.39
PIX-2 1.68 8000 ".8.57
75/25 RIX/TNT 1.68 8060 6.24
70/30 RIX/THT 1.89 788 6.21
60/40 RIX/THT 1.68 78%0 . 6.17
91/9 ax 1.61 8340 6.06
90/10 BTNEW/Wax 1.70 aise - 5.65
50/ ZPsntolite 1.65 7600 5.53.
P 1.8 7980 5.17
HBX=1 1,09 7440 5.16
70/30 Tetryl/TNT 1.63 7370 5.13
Be8 1.73 7460 4.52
po. 24 1.6 63980 4.25
91/9 PIX/Wax 1.% 7000 4.20

- —

4.5.2 WARHRAD CAJTNG DESIAN. Th- varhwad caz’ag L.as a dum:
purpose. It must recain the explosive priar to diiocaation and
confine the charge during 2-~tonation. 1his coafinement effect 1s
noted shether the corfinement is prov.dil Uy an incresse in wall
thickr=es or by a "belt” of erplosive. - result of increasing the
confirsamant is an incressa ‘n hole volume irn the targét material.

81 . CONFIDENTIAL
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In effect, it decreases the loss ~f pressure laterally and increaw:s
the duration of the application of pressure. Going a little fur-
ther, it is important to ncte that the strength of the case
required for confinement during detonstion is practically nil for
warheads with charge length to diameter (L/D) ratios which exceed
approximately 4. As the L/D of the charge is reduced th: case
strength required for confinement increases. In guided missile
epplications, the case thickness for optimum confinement is not
usually obtained because of weight limitations.

4.5.3 SHAFPE OF CHARGE RACKX (F IINER, Aerodynamic per~formance
and proiectile weight specifications are factars that frequemily
limit the lewgch of the projectils body, which in turn, limits the
length of the charge, Generally speaking, t2< aocle volum= end the
penetration obtained increase with increasing charge length arnd
reach a8 maximum at about 2 or 2.5 charge diameters for ...a»vi") cone
fined charges or 4 charge diameters for lightly confined cr uncon-
fined charges. There are many shaped charge designs but the ones
most frequently used are illustrated in FPigure 4-14. Each design
has its advantages: configuration (a) has the advantages of ease
in mamufacture, high explosive loading, and blast effect; (b) and
(c) are sometimes necessitated by the requirements for accuracy,
weight and space limitations. All three designs can be made to
perform satisfactorily. The greater amount of explosive in the
cylindrical charge mekes it more valuable than the tapered charges
for the seconiary effects of hlast and fragmentation. '
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4.5.4 LINER VARIATIONS. Warping of as little as 1/32" on
two sides of a cut down rteel MYAL cone. (bese dimigished from i }
1-5/8" to 1" I.D.) caused by dropping oar other mishandlings is
sufficient to lower jet penetration by 1.24 charge diameters*~i2,
Cones used in tests outlined in reference 4=12 traving .015",
025", .037" apd .050" wall thickness are extremely suscentible
to damage from rough handling, especlaliy the cones with wall
thicknesses of .015" and .025". Warped cones, as vrevicusly
mentioned, which are produced during the irawing process ar Ly
damage from rough handling give very poar peretration. Furiher,
as noted in reference 4-12, it has been found that & bead of
weld on the inside cone surface, running from the apex to u..e
c? the cou:, lcovers penetration one cone diaxet:r from a standard
penetration average of 3.7 cone diarceters, whereas a similar bead
on the outside surface lowers penetration by 0.08 cone diametess.

4.5.5 LINER MATERIAL, THICKNESS AND MASS. DQather than use
less dense material for liners an efficient way to reduce liner
weight would be to design a more efficient charge configuration.
The metals most used in liners are aluminum, steel, and copper.
By using a liner material of high density cr by increasing the
liner thickness it is posaible to increase the jet mass per unit
length. By decreasing the mass per unit area of the liner it is .
po3sible to increase the jet velocity.

The zonditions for maximum destructiveness and those . i
for maximum penetration are incompatible. The designer must seek 2
the most satisfactory compromise. When l~r density materials are ]
used for liners the destructiveness attained is maximized but at o
the expense of the depth of penetration. As of 1958 the only low
density material which performed satisfactorily was alumimmi~!3,
WG ..ys tO make up for the reduction of penetration resulting
frum the use of low density alurimum, are (a) peripleral initiation
and (b} double angle “iners. i

Liners of high density metils tend .o marximi:e the ‘
penetration dcpi’. at the expense of destructiveness, but if maxi- !
mumn destruction is required without regard to penetration, it can
be accomplished by reducing the penetraticn to & point viere
defeut of the target is assured. This, 2t present, is the easi >
approach.

Curves showing p.netraticn vs wall thickness are fre-
quenti; unsymmetzicsl, Figure 4-15 il.:strates penetration with ,
varicis wall thicknosses, Cimensic-s r:-taining to the shaped . '
charge tested can be fourd in refereace 4=33, ;
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Conical liners with tapered walls have been studied at
various times. In general, the results indicate that no signifi-
cant improvement of penetration performance can be achieved by use
of a tapered wall thickness*"*°, The data do show, however, that
rather wide tolerances may be placed on the variaticn in wall
thickness between the apex and the base without reducing penetraw
tion, provided the wall thickness is held constant at each transe
verse section of the cone. :

Cone thickness, for best performance, is primarily a
function of cone apex angle and charge confinement, but other
parameters play lesser roles. Optimwa liner wall thickness
increases with 1-creasing cone angle and with inl.casing con=-
finement of the explosive charge. Generally, che optimum liner .
wall thickness varies hetween 2 and 4 percent of the base dia-
meter. Work has been done usiag cone thicknesses as ni. -+
18 percent of the base diameter. Thicknesses of agpproxiusiely 6
percent are generally -ised in warheads that are fired agaiast
aireraft at long standoffs.

Liner walls thicker than optimum show a slight decrease
in penetration. ILiner walls thinner than optixzum are character-
i1zed by inconsistent peneiration and an overall decrease in pene~
tration* 15, Penetration will increase to & maximum as the liner
thickness is decreased, at which point the manufacturing impere
fections become mare important and further decrease of the liner
thickness r-sults in less penetration.

4.5.6 WAVE SHAPING., Wave shaping is a method of improving
shaped charge performance. I%s purpose is to invert the detona-
tion wave &and cause it to strike the cone wall at decreased angles
of U. ..quity. Wave shapers are placed between the detonator and
liner. The base of the wave sharer is generally located immedie-
ately behind the apex . the ccne. Wave shaping can be accome
plished by inert fillers, voids in the explosive charge, or other
explosive fillers.

Solid ccne=shaped 'nert £illers of glassg or steel have
produ.ed 20 percent deeper peretrations without loss of %:lo
volume™ 33, It was found that cnne-saoped insrt fillers, with a
base=to=altitude retio «f tvo, perform well with sn.ll re..iCllci
in performance fo1r slightly different ratios. The diameter of
the wave shaper is glightly less thai: that of the charge. Waye
shapers cau be designed so that the dato:ation wave pasnes d.irectly
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through the filler wkich produces wave ref:riction, and thus the
end result is a considerabla impiuvement in penetration without
1css in the hole volume.

Peripheral initiation 1s another methoa of wave
shaping, however, the actual improvement attained is affected
considerebly by the liner material usei. Hole volume hay been
increased as much as 50 percent“‘"s. Small asymzetries anywhere
in the charge will decrease penetration. Results froam peripheral
initiaticn are not consistent; therefore, scnhe. other methed of
initiacion shculd be used. More consistent results can bhe
cbtained with point-initiated charges and, in.addition, th. .
type chave: 1s easier to manufacture. Figure 4-16 illustrates a
mmber of difrerent wave shaping configurati.ns.

K=
b < B

O_< =<
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4.5.7 CONE AFEX ANGILE. Cone apex ang.es play a very impor-
tant role in shaped charge rerfcr.ance. When selecting a cone
angle for a shaped charge it is important to consider both performe
ance and mamufacturing problems involved. There arc data avail-
able waich show optimum standoff increases with increasing cone
apex angles up to approximately 65°; optimun standoff then decreases
as the apex angle 1s increesed. (Ses Pigures 4-17 through 4-20.)
However, the optimm standoff is also derendent cpon the cone
material, wall thickness, and charge length*S,

Cone apex angles from 40 to 60 degrees give good performe
ance at the standoff usually <ssociated with surface targzo.; that
is, two tc four cone diameters. Increased Fenc+ration can be
achieved with good quality cones, utilizing cmaller ccae anglees of
20 to 30 degrees, at standoffs below approximately two cone diam
meters. This is particularly true with copper liners /-~ Fir=
ure 4-17). Performance from cones with smaller arex ang.es give
caly moderate improvemen’ in perfarmance® !5, ' This smali advantage
in performance would usually be ocutweighed by the tightenirg of
mamifacturing tolerances. There are aaple experimental data which
show improved venetration at lcng standoffs, for cones with apex
angles of 80 to 120 degrees or mereV 1S, (Concs with apex angles of
80° to 120° are recarmended for use against aircraft at standoff .
*!stances on the order of 100 feet®™ 13,

4.5.8 LINER SEHAFE. Liners and cavities of different configures~
tions react in iifferent wayi. For example, hemigpherical liners
appear to turn inside ocut with most of th» cone material being proe
Jected in the Jjet. On the other hand a conical liner collapses
from the apex and projects approximately 20 to 30 percent of the
cone material in the jet., Most work is dore with conical liners
becanre they give the most consistent results. This is true because
it i3 been mare difficult to maintain close tolerances with shapes .
other than corical. Double a.gle cunical liners are being studied* S,
Flgure 4-21 shows a double angle liner where the upper amxd .ower
portions are conical and are commected by a c’reular foiring curve,
Penetration for this type liner, at the two standoffs tested* 13,
campare favorably s~ith the maxima of psripheral izitiation. When
double angle cones were being develcped it was found tho* +there ig
no increase in penetration when an atrupt change 13 made from o :
angle to another. :
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4.5.9. EFFECT QF SPIT-BACK (YTLASE BAlL) TURES, The gpit~"
tack tube, uged with certain types of fuzing, is a small tube that
1s attached to the apex end of the ccne, extending away from the
cavity. The porticn of the liner arex inside the spite-tack tube
is removed. results from tests with uncanfined M3Al cores show

ittle charge in pernetratisn or a slight decrease. Dsta from
tests with ccpper liners i corfineq crarges v*th spit-back tukes
show irncreases in Tenetration Gp to 0 percent® 5. Trere'is no
effect upcn crtixmnm standcf? or cptimuzm wall thickness. It i3
easler %o mamufacture cones with a sz'.e... sp.t=back tube amu to
zaintain close toleranceg than it 18 to manufacture conhes with a
sharp core apex angle. In eaddition, less difficully is eL_auntered
U Oulalling Lound charges when srit-back Lulce are used. '

Satisfactory performance can te cbtained with tuces
Lavirg a diapeter between 2U to X0 percent of thet o. - core,
It 1s common procedure to specify rard-drawn <opger wicing with
wall 'h..x..eu ranging from O.CE60 to 0.C65 inches for spiteback
tutes? ",

4.5,10 ALIQOWMENT OF CCNE AND CHARGE, For teat performarce
the axis of the cone and explosive charge shoauld coincide. Tilt
of & lirer results in reduced peretration. Tilts up to two
degrues have given same good Jeretratiocns, out in general tilting
the iiner ons degree reduces average pemetration 50 percent® S,
Misaligrmen’ cf the cone and cwae axes, where the sxes are
wtl.ul ut offsel, results in reiuced penetration. In & parti=

instance, an cffset cl ".4 ¢.01S “neh (1 percent of the
base dismeter) reduced the peretrstion about 20 percent?
Because of the poor resulls itained from tilt and offset ot axes
{¢t ia izxportant that charges e inspected after assembly.

4.5.11 STAXDOFY DICSTMICE, Standoff dstance 1s one of the
208t irportant faci.re. governirg the depth of penetration for -
diven sigped charge varhead. A properly dasigned varbead must
provide correct standoff distance "2 allov ,ufficie. time for
the fuze to 7. .. tion properly wd tie formation of a et of
proper denaity, thus maxi.i.irg the nnselbility of target pencire~
tion, The depardence of peretration depth upon stan*c’f 1s slown
in 2igures ¢=17 trourh =20,

4.6 BCALID SHAPED CHARGES

The Ballisti. Research latormor..s¥ '® inwmstigated jets pre=
duc 2 from three conjcal cogner l.=eas, scalad in all linear dlwet-
sicne, having an aper * Lle of &2 degrees., The dLrmnaions of the
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scaled charges investigated are “resented in Fiziwe ¢-22. The BRL
study vas carried on to determine the effact of charge size upon
Jet flight and jet penetration charscteristics. ZEffective pene=
tration by a jet ceases vhen the particl: velocity cdrops slightly
below 0.2 ca/eicrosecand !7. Based on this eriterion BRL did not
take measurements of jet particles below this lower velocity limit.

Results from these tests, vith the tiree chargss just mene
tioned, show that scaled shaped charges [ oduce scaled penetration
depths at scaled standoff distarces. Jet veiocities, penetration
velocities and relative penctration depths are the same at
scaled times during the penetrstion grocess. In addition, radio-
araphic rtaervetion disclosed that ‘ets from scamied cconical liners
in scaled charges produce approximately the cs=e mmber ¢f rarti-
cles after dreakup is completed. These tests revesled that the
average particle length scales directly &s the charge =. or”
thet the average particle diameter varies directiy as the charge
size 80 that the average particle volume ani mass vary ss the cube
of the charge size%”?8,

Hgues 423 through 4=25 1llustrate part of the experimental
results 2f tasting performed with the three scaled copper coaical .
liners mentioned under this section. In these figures x repre= .
seats the distance from the inside cone apex tO a particular cire
cumferential ring elsment on the inside liner surface; i the
total cone heicht; t a particular time; D cone diameter. Standoff
distance far these teosts veas tiree cone dimmeters.
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